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We employ Chiral Perturbation Theory (ChPT) to evaluate the complete set of pseudoscalar
matrix elements, < 0|Pf |pi
0, η >, with Pf any of the flavor-diagonal pseudoscalar currents (f =
u, d, s), to O(md−mu), and to next-to-leading order in the chiral expansion. These matrix elements
represent the basic input to a QCD sum rule analysis of isospin breaking in the piNN couplings
using the three-point-function method. We discuss also how one could use the results to construct a
one parameter family of interpolating fields for the pi0, all of whose members have zero vacuum-to-η
matrix element, and explain how this could in principle be used to provide non-trivial tests of the
reliability of the assumptions underlying the use of the three-point-function method. It is shown that
the isospin-breaking mixing parameters required for this construction receive significant corrections
beyond leading order in the chiral expansion.
14.40.Aq,11.30.Hv,11.30.Rd,12.39.Fe
I. INTRODUCTION
QCD sum rules [1] treatments of the isospin-conserving πNN coupling, both using the two-point-function and three-
point-function methods [2–8], have proven quite successful. As a consequence, it is natural to consider extending these
treatments to an investigation of the strong interaction (md −mu 6= 0) contributions to the isospin breaking of these
same couplings. The resulting differences among gpppi0 , gnnpi0 and gnppi+ would provide contributions to isospin-
breaking observables in few-body systems, and an evaluation based on methods closely related to QCD is, therefore,
highly desirable, particularly in light of the recent revival of interest in such phenomena (especially charge symmetry
breaking (CSB)) [9–25].
A first attempt in this direction was made in Ref. [25] (MH), where a sum rule analysis using the three-point-function
method was performed. In this approach, one considers the three-point functions
AN ′Npi(p1, p2, q) =
∫
d4x1 d
4x2 exp[i(p1.x1 − p2.x2)] < 0|T (ηN ′(x1)Ppi(0)ηN (x2)) |0 > (1)
where ηN,N ′ are (Ioffe) interpolating fields for the nucleons N
′, N and Ppi a pseudoscalar interpolating field for the pion
of interest (which carries momentum q = p1 − p2). The desired coupling, gN ′Npi, then appears as a coefficient in the
contribution to the phenomenological (“hadronic”) representation of AN ′Npi having simultaneous poles at p
2
1 = p
2
2 =
M2N and q
2 = m2pi. To evaluate these couplings in terms of vacuum condensates, one then simultaneously evaluates
AN ′Npi using the operator product expansion (OPE) (the validity of which requires q
2 < −1 GeV2), and relates the
hadronic and OPE representations of the correlator via an appropriately Borel transformed dispersion relation [1].
The contributions due to the pion coupling are isolated by keeping only those terms in the OPE proportional to 6qγ5
(as in the phenomenological representation) which have a 1/q2 pole in the limit that the quark masses are neglected
[2–4,25].
It is necessary to exercise some care in the choice of the interpolating field for the neutral pion in Eq. (1). Indeed,
if one were to make the most obvious choice, i.e., the I = 1 combination
Ppi3 = PI=1 = Pu − Pd (2)
where Pf = f¯ iγ5f is the pseudoscalar current for quark flavor, f , one would find that because, to O(md −mu), Ppi3
also couples to the η, the analysis for the extraction of the isospin-breaking πNN couplings was contaminated by η
1
contributions. This contamination is of the same order in isospin breaking as the πNN isospin-breaking couplings of
interest, and hence not negligible [25]. This problem was overcome in MH by the alternate choice
PMHpi0 = (Pu − Pd) + ǫMHP8 , (3)
where
P8 =
1√
3
(Pu + Pd − 2Ps) (4)
and ǫMH is to be chosen such that < 0|PMHpi0 |η >= 0. To leading order in the chiral expansion, one has, from the
results of Gasser and Leutwyler [26],
ǫMH = θ0 =
√
3
4
(
md −mu
ms − mˆ
)
, (5)
where θ0 is the leading order π
0−η mixing angle. Since, however, it is known that next-to-leading order contributions
to, e.g., fη are large (∼ 30%), it is likely that similar next-to-leading order corrections to ǫMH will also be important.
In this paper we will compute the pseudoscalar current matrix elements, < 0|Pf |π0, η >, required to evaluate
these corrections, to O(md −mu) and to next-to-leading (1-loop) order in the chiral expansion. We will, in addition,
show that it is possible to use these matrix elements to construct, not just the field PMHpi0 above, but a continuous
family of similar interpolating fields, all with zero vacuum-to-η matrix element. These fields can then, in principle,
be used to study the reliability of the assumptions which go into the use of the three-point-function treatment of the
isospin-breaking πNN couplings, a topic we will return to in a later publication.
Let us consider, now, the problem of constructing “pure” π0 and η interpolating fields from the flavor diagonal
pseudoscalar currents. If Pˆ0 is any I = 0 pseudoscalar field combination having non-zero η matrix element, then
forming
Ppi0 = (Pu − Pd) + ǫˆpiPˆ0 (6)
and requiring < 0|Ppi0 |η >= 0, i.e.,
ǫˆpi = −< 0|Pu − Pd|η >
< 0|Pˆ0|η >
, (7)
produces an interpolating field, Ppi0 , which couples to the physical π
0, but not at all to the η. A “pure” η interpolating
field is constructed analogously:
Pη = Pˆ0 + ǫˆη(Pu − Pd) (8)
with
ǫˆη = − < 0|Pˆ0|π
0 >
< 0|Pu − Pd|π0 > . (9)
The basic ingredients in the construction of Ppi0 , Pη are, therefore, the vacuum-to-π
0, η matrix elements of the I = 1
(PI=1) and I = 0 (Pu+Pd and Ps) pseudoscalar currents, where π
0, η refer to the physical (isospin-mixed) pseudoscalar
mesons. It is these matrix elements that we will evaluate to O(md −mu), and to 1-loop order in Chiral Perturbation
Theory (ChPT) (next-to-leading order in the chiral expansion) below.
II. EVALUATION OF THE VACUUM-TO-pi0, η MATRIX ELEMENTS OF THE PSEUDOSCALAR
CURRENTS
Having explained above why an evaluation of the isospin-breaking pseudoscalar current vacuum-to-π0, η matrix
elements is of interest, we now turn to the explicit evaluation of these quantities, for which we employ the methods
of ChPT [26]. In order to obtain both the leading and next-to-leading contributions in the chiral expansion of these
quantities, it is necessary to include those pieces of the effective Lagrangian up to and including fourth order in the
chiral counting [27], in the presence of scalar and pseudoscalar external sources, s and p. The relevant terms, as
worked out by Gasser and Leutwyler [26], are
2
Leff = L(2) + L(4) (10)
where
L(2) = 1
4
f2Tr
(
∂µU∂
µU †
)
+
1
4
f2Tr[χ†U + χU †] (11)
and
L(4) = L1
[
Tr(∂µU∂
µU †)
]2
+ L2Tr(∂µU∂νU
†)Tr(∂µU∂νU †) + L3Tr(∂µU
†∂µU∂νU
†∂νU)
+ L4Tr(∂µU∂
µU †)Tr(χ†U + χU †) + L5Tr
[
∂µU
†∂µU(χ†U + U †χ)
]
+ L6
[
Tr(χ†U + χU †)
]2
+ L7
[
Tr(χ†U − χU †)]2 + L8Tr(χ†Uχ†U + χU †χU †)
+H2Tr(χ
†χ) (12)
where U = exp(i~λ.~π/f), with {πa} the octet of pseudoscalar Goldstone boson fields and {λa} the usual Gell-Mann
matrices, f is a (second order) low-energy constant (LEC) which turns out to be equal to the pion decay constant in
the chiral limit,
χ = 2B0(s+ i p) (13)
with B0 another second order LEC, related to the quark condensate in the chiral limit, and {Lk}, H2 are fourth
order LEC’s. Terms in the general fourth order piece of the effective Lagrangian, Leff , which vanish in the absence
of external vector and axial vector sources have been dropped in writing Eqs. (11), (12). The second and fourth order
LEC’s appearing in these equations are not determined by the symmetry arguments which go into constructing Leff
and must be determined phenomenologically. (See, for example, Ref. [28] for a recent up-to-date tabulation). For our
purposes, the external scalar source is to be set equal to the quark mass matrix, M , in order to correctly incorporate
the effects of explicit chiral symmetry breaking, and the external pseudoscalar source is to be retained to first order, in
order to generate the correct representation of the underlying QCD pseudoscalar currents in the low-energy effective
theory.
From the form of Leff given above, it is straightforward to obtain the following low-energy representations of the
pseudoscalar currents in terms of the Goldston boson fields {πa} occuring in U :
Pu = B0f
[(
π3 +
π8√
3
)
− 1
6f2
(
π33 +
√
3π23π8 + π3π
2
8 +
π38
3
√
3
+ 2π+π−π3
+
6√
3
π+π−π8 + 4K
+K−π3 + 4K
0K¯0π3 + 2
√
2π+K−K0 + 2
√
2π−K+K¯0
)]
+
32B20
f
[
(ms + 2mˆ)
(
π3 +
π8√
3
)
L6 +
(
(mu −md)π3 + 2√
3
(mˆ−ms)π8
)
L7
+mu
(
π3 +
π8√
3
)
L8
]
+ · · ·
Pd = B0f
[(
−π3 + π8√
3
)
− 1
6f2
(
−π33 +
√
3π23π8 − π3π28 +
π38
3
√
3
− 2π+π−π3
+
6√
3
π+π−π8 − 4K+K−π3 − 4K0K¯0π3 + 2
√
2π+K−K0 + 2
√
2π−K+K¯0
)]
+
32B20
f
[
(ms + 2mˆ)
(
−π3 + π8√
3
)
L6 +
(
(mu −md)π3 + 2√
3
(mˆ−ms)π8
)
L7
+md
(
−π3 + π8√
3
)
L8
]
+ · · ·
Ps = B0f
[
− 2√
3
π8 − 1
6f2
(
−8 π
3
8
3
√
3
+ 2K+K−π3 − 2K0K¯0π3 − 2K0K¯0π3 − 6√
3
K+K−π8
3
− 6√
3
K0K¯0π8 + 2
√
2π+K−K0 + 2
√
2π−K+K¯0
)]
+
32B20
f
[
− 2√
3
(ms + 2mˆ)π8L6
+
(
(mu −md)π3 + 2√
3
(mˆ−ms)π8
)
L7 − 2√
3
msπ8L8
]
+ · · · (14)
where π3 and π8 are the pure I = 1, 0 unrenormalized octet fields appearing in the matrix variable U , mˆ = (mu+md)/2,
and we have written down explicitly only those terms which will be required for our calculations below.
Using these representations, it is then straightforward to compute the matrix elements in question. The set of graphs
which contribute is shown in Fig. 1. For practical purposes it is convenient to recast the low-energy representation
of the currents in terms of the renormalized, physical π0, η fields, rather than unrenormalized octet fields π3 and π8.
In order to correctly incorporate all effects at next-to-leading order in the chiral expansion, it is necessary, for those
terms linear in π3, π8 and not proportional to the fourth order LEC’s L6,7,8 in the representations of the currents, to
use a transformation between the π3, π8 and π
0, η bases which is valid to 1-loop order. The relevant expressions are
[16]:
π0 = Z
−1/2
3
(
π3 + θˆ1π8
)
η = Z
−1/2
8
(
−θˆ2π3 + π8
)
(15)
where Z3 and Z8 are the π3 and π8 wavefunction renormalization constants to 1-loop order in the isospin symmetry
limit and
θˆ1 = θ0
[
1− 7
3
µpi +
4
3
µK + µη +
(
3m2η +m
2
pi
64π2f2
)(
1 +
m2pi
m¯2K −m2pi
log(m2pi/m¯
2
K)
)
+
(
m2η −m2pi
64π2f2
)(
1 + log(m¯2K/µ
2)
)− 32(m¯2K −m2pi)
f2
(3Lr7 + L
r
8)
]
θˆ2 = θ0
[
1− 11
3
µpi +
8
3
µK + µη +
(
3m2η +m
2
pi
64π2f2
)(
1 +
m2pi
m¯2K −m2pi
log(m2pi/m¯
2
K)
)
−
(
m2η −m2pi
64π2f2
)(
1 + log(m¯2K/µ
2)
)− 32(m¯2K −m2pi)
F 2
(3Lr7 + L
r
8)
]
. (16)
In Eqs. (16), µP ≡ [m2P log(m2P /µ2)]/32π2f2, with µ the (dimensional regularization) renormalization scale, Lrk(µ) are
the renormalized version of the fourth order LEC’s, and m¯2K is the average of the neutral and charged kaon squared
masses. Standard manipulations then lead to the following expressions for the vacuum-to-π0, η matrix elements, valid
to O(md −mu), and to fourth order in the chiral expansion:
< 0|Pu − Pd|π0 >= m
2
pifpi
mˆ
(17)
< 0|Pu + Pd|π0 >= m
2
pifpiθ0√
3mˆ
[
1 +
(−7µpi + 4µK + 3µη
f2
)
+
(
3m2η +m
2
pi
64π2f2
)(
1 +
[
m2pi
m2K −m2pi
]
log
(
m2pi
m2K
))
+
(m¯2K −m2pi)
16π2f2
(
1 + log(m2K/µ
2)
)
−288B0
f2
(ms − mˆ)Lr7 −
96B0
f2
(ms − mˆ)Lr8
]
(18)
< 0|Ps|π0 >= −m
2
pifpiθ0√
3mˆ
[
1 +
(−2µpi + 2µK
f2
)
− B0(ms − mˆ)
16π2f2
(
1 + log(m2K/µ
2)
)
+
B0(ms + mˆ)
16π2f2
(
1 +
m2π
(m2K −m2pi)
log
(
m2pi
m2K
))]
(19)
4
< 0|Pu − Pd|η >= −m
2
pifpiθ0
mˆ
[
1 +
(−7µpi + 6µK + µη
3f2
)
+
(
3m2η +m
2
pi
64π2f2
)(
1 +
[
m2pi
m2K −m2pi
]
log
(
m2pi
m2K
))
+
(m2η −m2pi)
64π2f2
(
1 + log(m2K/µ
2)
)
−16B0
3f2
(ms − mˆ)Lr5 −
96B0
f2
(ms − mˆ)Lr7 −
32B0
f2
(ms − mˆ)Lr8
]
(20)
< 0|Pu + Pd|η >= m
2
pifpi√
3mˆ
[
1 +
(−2µpi + 2µK
f2
)
− 16B0
3f2
(ms − mˆ)Lr5 −
64B0
f2
(ms − mˆ)Lr7
]
(21)
< 0|Ps|η >= −m
2
pifpi√
3mˆ
[
1 +
(
µpi − µη
f2
)
− 16B0
3f2
(ms − mˆ)Lr5 +
32B0
f2
(ms − mˆ)Lr7
+
32B0
f2
(ms − mˆ)Lr8
]
. (22)
The cancellation of divergences, and the overall scale-independence of the expressions for the matrix elements above,
provide non-trivial checks on the calculations, as do the relations
< 0|∂µAµf |P >=< 0|2mfPf |P > + anomalous terms (23)
which follow from the Ward identities between the divergence of the axial currents and the pseudoscalar currents.
(Note that the isospin-breaking vacuum-to-π0, η matrix elements of the axial currents Aµ8 and A
µ
3 have been evaluated
previously by Gasser and Leutwyler [26], and that the anomalous terms in Eq. (23) cancel when one considers the
combinations which enter Aµ3 and A
µ
8 . The vacuum-to-pseudoscalar matrix elements of the anomalous terms are given
explicitly in Ref. [29].) In bringing the expressions for the matrix elements into the forms displayed above, we have
made use of the 1-loop expressions for m2pi and fpi [26]. The appearance of the common multiplicative factor m
2
pifpi/mˆ
in all the matrix elements has no physical significance; the equations are simply written in this form in order to
simplify the later calculation of the mixing parameters relevant to the “pure” π0 interpolating field.
III. INTERPOLATING FIELDS FOR THE NEUTRAL PION
As explained above, the MH π0 interpolating field choice Eq. (3) is not unique. In fact, if we consider
P (θ) = (Pu − Pd) + ǫ(θ) (cos θ P8 + sin θ P0) (24)
where P0 = (Pu + Pd + Ps)/
√
3, the results of Eqs. (18), (19) show that, in general,
< 0| cos θ P8 + sin θ P0|η > 6= 0 . (25)
As a result, one can, using the construction above, chose ǫ(θ) in Eq. (24) in such a way that < 0|P (θ)|η >= 0 for any
value of θ. Any such P (θ) can then be employed in an analogue of the MH analysis of the three point correlator, in
the sense that, in all such analyses, the unwanted η contributions will have been removed by the corresponding choice
of ǫ(θ).
The existence of the family of π0 interpolating fields above is potentially useful as a means of investigating features
of the three-point-function method that have been the subject of criticism in the literature. The most serious such
criticism of the method as a way of estimating the πNN couplings is the objection that it requires making the
assumption of pion dominance in the pseudoscalar channel all the way out to values of q2 of order −1 GeV2 for which
one can begin to hope that the operator product expansion (OPE) analysis of the correlator might be valid [8]. The
danger, of course, is that, so far from the pion pole, the contributions of other resonances (η′, η(1295), π(1300), etc.)
might no longer be negligible. Although MH have not attempted to investigate this aspect of the method in detail,
they argue that their choice of π0 interpolating field (corresponding to θ = 0, and the leading chiral order estimate
for ǫ(θ) above) represents the unique one that, at least to leading order, also has no overlap with the η′. At first sight
this seems a plausible argument since, in the SU(3)F and isospin symmetry limits, Pu − Pd couples only to I = 1
states and P8 only to flavor octet states. On closer inspection, however, one can see that < 0|P (0)|η′ > 6= 0 [30],
5
so that there remain potentially dangerous higher resonance contaminations. Although this point is part of a more
detailed analysis of higher resonance contaminations in the three-point-function approach, the results of which will
be presented elsewhere, we will briefly outline the key aspects of the argument below. The main point of relevance to
the present discussion is that, although one can, in principle, find a value for θ for which at least the vacuum-to-η′
matrix element vanishes, the information required to actually determine this value is not available. Thus, for any
particular choice of θ, one has a coupling of P (θ) to the η′ of unknown strength (in addition to potential couplings to
other higher pseudoscalar resonances), which presents a serious problem for the three-point-function method.
One way of dealing with this problem is to investigate the extracted values of the isospin-breaking πNN couplings
as a function of θ. If one finds a region of θ in which the results are not sensitive to variations of θ, then one will have
some a posteriori justification for assuming that the channel of interest is, indeed, dominated by the lowest-lying (π0)
state. Note that the coupling of P (θ) to the physical π0, from Eqs. (17)–(19) above, is, to O(md −mu), m2pif2pi/mˆ,
independent of θ. The vacuum-to-π0, η matrix elements above provide the essential input to such an analysis, and we
will recast them in a form suitable for use in such an analysis below.
Before doing so, however, let us briefly outline why the MH field choice, θ = 0, does not actually remove the
coupling to the η′. Recall that the quark mass matrix responsible for flavor and isospin breaking can be decomposed
as
M = −1
2
(md −mu)λ3 − 1√
3
(ms − mˆ)λ8 + 1
3
(ms + 2mˆ) . (26)
To leading order in the isospin-breaking and flavor-breaking mass differences, therefore, the vacuum-to-η′ matrix
elements of Pu − Pd and P8 are related simply by the ratio of mass-dependent coefficients of λ3 and λ8 in Eq. (26).
It then follows straightforwardly [30] that, to leading order in the masses,
< 0|P (0)|η′ >= 3θ0 < 0|P8|η′ > (27)
where < 0|P8|η′ >= O(ms − mˆ). The RHS is thus non-zero, and O(md −mu). If one considers θ 6= 0, of course, one
has, in addition to the 8F × 8F → 1F reduced matrix element which governs < 0|Pu − Pd|η′ > and < 0|P8|η′ >, the
1F × 1F → 1F reduced matrix element relevant to < 0|P0|η′ >. One can then certainly, in principle, find a θ such
that < 0|P (θ)|η′ >= 0. The problem is that, even to do so at leading order in the quark masses, one would need to
know the ratio of the two reduced matrix elements above, and this information is not available. Moreover, even if it
were, this would not necessarily ensure that, for such a value of θ, the couplings of the higher resonances were small
for the same value of θ. We will return to these issues, and to a discussion of the reliability of the three-point-function
method, in more detail in a future publication [30].
Let us return, then, to our 1-loop evaluation of ǫ(θ). From Eqs. (7), (20), (21) and (22) it follows that
ǫ(θ) =
[
θ0
cos θ
]
N
D
(28)
where
N =
[
1 +
(−7µpi + 6µK + µη
3f2
)
+
(
3m2η +m
2
pi
64π2f2
)(
1 +
[
m2pi
m¯2K −m2pi
]
log
(
m2pi
m2K
))
+
(m2η −m2pi)
64π2f2
(
1 + log(m2K/µ
2)
)− 16B0
3f2
(ms − mˆ)Lr5
−96B0
f2
(ms − mˆ)Lr7 −
32B0
f2
(ms − mˆ)Lr8
]
(29)
D =
[
1 +
(−3 tan θ µpi + 2(1 + tan θ)µK + (tan θ − 2)µη
3f2
)
− 16B0(ms − mˆ)
3f2
Lr5
−32B0(ms − mˆ)
f2
tan θLr7 −
32B0(ms − mˆ)
3f2
(tan θ − 2)Lr8
]
. (30)
The factor θ0/ cos θ represents the leading order contribution to ǫ(θ) in the chiral expansion and, of course, reproduces
ǫMH (corresponding to θ = 0) at this order. The remaining factors represent the next-to-leading order corrections. We
will discuss their magnitude below. One should note that, as θ → π/2, 3π/2, the denominator of Eq. (28) tends to a
finite value involving the chiral log and fourth order LEC terms. This means that, near such values of θ, ǫ(θ) becomes
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large, and with significant uncertainties (associated with uncalculated next-to-next-to-leading order contributions to
the denominator). As such, the corresponding interpolating field choices, though in principle reasonable, are not
useful practically. In order to avoid these regions of θ it is convenient to consider a re-parametrization of the family
of interpolating fields in which one writes
P (α) = (Pu − Pd) + ǫ(α)
[
α(Pu + Pd) + (1 + α)Ps
]
= (Pu − Pd) + ǫ(α) 1√
3
[
−P8 + (3α+ 1)P0
]
, (31)
where, as usual, ǫ(α) is to be chosen for each α in such a way that
< 0|P (α)|η >= 0 . (32)
The second line of Eq. (31) shows that such a form for P (α) represents a simple reparametrization of P (θ), in which
a factor of −√3 cos θ has been absorbed into ǫ and tan θ has been rewritten as 3α + 1. The regions of θ we wish to
avoid then correspond to α→∞. One then easily shows that Eq. (32) implies
ǫ(α) = −
√
3θ0
[
1 +
(−(10 + 9α)µpi + 6(1 + α)µK + (4 + 3α)µη
3f2
)
− 32
3f2
(4 + 3α)
(
m¯2K −m2pi
)
(3Lr7 + L
r
8) +
(
3m2η +m
2
pi
64π2f2
)(
1 +
[
m2pi
m¯2K −m2pi
]
log
(
m2pi
m¯2K
))
+
(m2η −m2pi)
64π2f2
(
1 + log(m2K/µ
2)
)]
= −
√
3θ0 [1.299 + 0.0894α] , (33)
where, in arriving at Eq. (33), we have made an expansion of the denominator in Eq. (7) so that the whole expression
in now explicitly consistent to 1-loop order. The reparametrization has been chosen such that, at leading order in the
chiral expansion, ǫ(α) reduces to −√3 θ0, so the leading 1 in the square brackets in Eq. (33) represents the tree-level
contribution. The remaining terms are the 1-loop corrections and, as expected, are not small. This can be seen from
the last line of Eq. (33), where the deviation of the term 1.299+0.894α from 1 given the size of the 1-loop corrections.
For reference sake we note that the MH choice θ = 0 corresponds to α = −1/3, and the choice in which there is no Ps
content to the interpolating field corresponds to α = −1. (To completely convert back to θ notation for the MH case,
one must also absorb the constant −1/√3 back into the definition of ǫ.) The enhancements due to next-to-leading
order corrections are, in these cases, 1.27 and 1.21, respectively. Amusingly, the choice α = −4/3 removes the LEC
contributions completely from the expression for ǫ.
IV. SUMMARY
We have evaluated the leading O(md − mu) strong isospin-breaking contributions to the matrix elements <
0|Pf |π0, η > at next-to-leading order in the chiral expansion. The results are given in Eqs. (17)–(22). We have
also showed how to use this information to construct a family of π0 interpolating fields which could, in future, be
employed to investigate the reliability of analyses which attempt to extract the isospin-breaking πNN couplings via
the three point function method in QCD sum rules. The isospin-breaking parameters, ǫ(α), required in this construc-
tion in order to remove unwanted η contaminations from the extracted π0 couplings, were shown to receive significant
contributions at next-to-leading order. As a result, if one wishes to remove such contamination, it is essential that
the full next-to-leading order expressions, given in Eq. (33), be used.
ACKNOWLEDGMENTS
The authors acknowledge the continuing financial support of the Natural Sciences and Engineering Research Council
of Canada. KM would also like to acknowledge useful conversations with Terry Goldman, Derek Leinweber, Tony
Williams and Mike Birse, as well as the hospitality of the Special Research Center for the Subatomic Structure of
Matter at the University of Adelaide, where much of this work was performed.
7
vacpifig1.ps
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